Introduction {#sec1-1}
============

IgA nephropathy (IgAN) is the most common form of primary glomerulonephritis worldwide and characterized by deposition of the IgA in the glomerulus.\[[@ref1]\] Long-term follow-up studies have shown that up to 25-30% of IgAN patients progress to end-stage kidney disease within 20-25 years.\[[@ref2]\] However, the etiology and pathogenesis of IgAN are still uncertain and no disease-specific therapy for IgAN exists. IgAN, as a mesangial proliferative glomerulonephritis, is characterized by extracellular matrix accumulation and deposition. So we selected fibronectin (FN) as a representative of the extracellular matrix in this study. The α-smooth muscle actin (α-SMA)-positive myofibroblasts are the effector cells that are primarily responsible for the overproduction of the extracellular matrix in pathogenic conditions and there is almost no myofibroblasts in the normal renal tissues.\[[@ref3]\] Thus, α-SMA was chosen as the marker of myofibroblasts activation.

Rhein (4, 5-dihydroxyanthraquinone-2-carboxylic acid) is one of anthraquinone monomers isolated from rhubarb, which has been broadly used in the treatment of diabetic nephropathy and other chronic renal diseases in experiment and clinic. Rhein can inhibit metabolism in diabetic nephropathy mice, reduce urinary protein, ameliorate glomerular hypertrophy, narrow the area of the renal corpuscle and mesangium, mitigate and suppress renal fibrosis.\[[@ref4]--[@ref6]\] But the effect of rhein on IgAN remains elusive. This study investigated the protective effect of rhein on renal tissue in IgAN rats.

Materials and Methods {#sec1-2}
=====================
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### Materials {#sec3-1}

Rhein (the purity of more than 95%) was extracted and identified by Chengdu Mansite, China. Fluorescein isothiocyanate (FITC)-conjugated antibody against IgA, antibodies against α-SMA and FN were purchased from Abcam, U.K. Bovine serum albumin (BSA) was purchased from Roche, Germany. Lipopolysaccharide (LPS) was purchased from Sigma, USA. Carbon tetrachloride (CCl~4~) and castor oil was purchased from Shanghai Reagents, China. Horseradish peroxidase-conjugated secondary antibodies were purchased from Beijing Zhongshan, China.

### Animal Model {#sec3-2}

Twenty-eight female Sprague Dawley (SD) rats weighted 180-220 g were obtained from the animal center of Nanchang University. They were housed in the animal facilities of the Nanchang University, with free access to food and water. Animals were treated humanely by use of the protocols that were approved by the Institutional Animal Use and Care Committee of Nanchang University. Rats were divided randomly into control group, IgAN group, rhein-prevented group and rhein-treated group (*n* = 7). IgAN experimental animal models were established with BSA-LPS-CCL4,\[[@ref7]\] and the specific implementations are as follows: BSA (400 mg/kg, oral every other day) × 6 weeks + LPS (0.05 mg, intravenous injection at the 6^th^ and 8^th^ weeks) + CCl4 (0.1 ml dissolved in 0.5 ml castor oil, subcutaneous injection weekly) × 9 weeks. The rhein-treated group was given rhein (100 mg/kg/d)\[[@ref8]\] from the 7^th^ week until they were sacrificed. The rhein-prevented group was given rhein (100 mg/kg/d) from the 1^st^ week. The control group and IgAN group were given the same volume of normal saline. All of rats were sacrificed at the 10^th^ week. One part of the kidneys was fixed in 4% paraformaldehyde, followed by paraffin embedding for paraffin sections (3 μm). The remaining kidneys were frozen in liquid nitrogen for frozen sections (10 μm). The 24-h urine was collected using metabolic cages before sacrificed for measuring the volume of urinary red blood cells and 24-h urinary protein excretion. Specimens from fresh urine 1 ml were centrifuged at 1500 r/min for 5 min. The supernatants were removed and urine sediment 0.02 ml were mixed well and dropped to the clean glass slides. The glass slides were randomly observed from 10 fields of vision at high magnification, the red blood cells were counted and the mean calculated. Red blood cells ≥3 per field of vision at high magnification, was considered positive for microscopic hematuria. The 24-h urine protein excretion were measured with the automatic biochemical analyzer.

### H and E, and Immunohistochemical Staining {#sec3-3}

Kidney sections from paraffin-embedded tissues were prepared at 3 μm thickness using a routine procedure.\[[@ref9]\] Sections were used to perform H and E, staining for general histology and to identify expression of FN and α-SMA by immunohistochemistry. Briefly, after dewaxing, dehydration, rehydration and antigen repair with microwave, paraffin sections were blocked with 3% H~2~O~2~ deionized water and 10% normal sheep serum in PBS (0.01 M) and subsequently incubated with the specific primary antibodies againstα-SMA (1:100, Abcam, U.K) and FN (1:200, Abcam, U.K) at 4°C overnight, followed by staining with horseradish peroxidase-conjugated secondary antibodies and counterstained with hematoxylin to visualize the nuclei. The α-SMA-stained paraffin sections were viewed under a common light microscope equipped with a digital camera, identifying α-SMA by brown color. FN-stained paraffin sections were analyzed by a morphological analysis system for semi- quantitatively determining the expression of FN. Briefly, 5 renal glomeruli (upper left, lower left, upper right, lower right and middle) were observed under high magnification per section, with two sections selected from each specimen; the integrated optical density of the positive material in each glomerulus and the glomerular area were measured by the morphological analysis system, the ratio of which showed the relative content of FN in the renal glomeruli.

### Direct Immunofluorescence {#sec3-4}

Direct immunofluorescence staining was performed using an established procedure.\[[@ref10]\] Briefly, frozen sections were fixed with cold acetone for 10 min at 4°C. After extensive washing 3 times (5 min per) with cold phosphate buffered saline (PBS), the frozen sections were blocked with 10% normal sheep serum in PBS and then incubated with the FITC-conjugated IgA antibodies (1:100, Abcam, U.K) at 4°C overnight. Stained frozen sections were viewed under Nikon Eclipse E600 Epi- fluorescence microscope equipped with a digital camera, identifying IgA by light green color (excitation light wave length of 490 nm). According to semi-quantitative standard grading at home and abroad, 5 grades were defined from 0 to 4 (Grade 0: Green fluorescence cannot be seen under low magnification and seems to be seen under high magnification; Grade 1: Green fluorescence seems to be seen under low magnification and can be seen under high magnification; Grade 2: Green fluorescence can be seen under low magnification and visible clearly under high magnification; Grade 3: Green fluorescence is clearly visible under low magnification and bright under high magnification; Grade 4: Green fluorescence is glare under high magnification).

### Statistical Analysis {#sec3-5}

All data were expressed as mean ± SE. Statistical analysis was performed using SPSS 17.0 software. Comparison between groups was made using one-way analysis of variance followed by Student-Newman-Keuls test. Comparison between groups in hierarchical grouping data was made using Kruskal-Wallis test. A *P* value of less than 0.05 was considered to be statistically significant.

Results {#sec1-3}
=======

 {#sec2-2}

### Rhein Ameliorated the Structural Lesions of Glomeruli {#sec3-6}

[Figure 1](#F1){ref-type="fig"} presents the representative micrographs of the H and E, staining of renal tissue sections from control group, IgAN group, rhein-prevented group and rhein-treated group. The size of renal corpuscle of the control group was normal, with no significant proliferation in the mesangial area. The renal corpuscle of the IgAN group expanded; the mesangial area was significantly widened, mesangial cells and mesangial matrix increased and renal capsule dilated. The kidney sections from rhein-prevented group and rhein-treated group showed that the above-mentioned structural lesions of glomeruli were markedly ameliorated as compared with IgAN group. The effect of rhein-prevented group was better.

![Renal cortex by H and E staining](IJPharm-45-174-g001){#F1}

### Rhein Decreased the Glomerular Deposition of IgA {#sec3-7}

Direct immunefluorescence staining was used to examine the effect of rhein on the glomerular deposition of IgA. As shown in [Figure 2](#F2){ref-type="fig"}, no green fluorescence has been seen in the renal glomerulus of control group, however, bright green fluorescence in a granular pattern in the mesangium has been seen in IgAN group (*P* \< 0.01). Green fluorescence was weaker in rhein-prevented group and rhein-treated group (*P* \< 0.01). Green fluorescence in glomeruli decreased more significantly in the rhein-prevented group compared with the rhein-treated group (*P* \< 0.05) \[[Table 1](#T1){ref-type="table"}\].

![Renal cortex by IgA immunofluorescence staining](IJPharm-45-174-g002){#F2}

###### 

The grade of the glomerular deposition of IgA

![](IJPharm-45-174-g003)

### Rhein Reduced the Volume of Urinary Red Blood Cells and 24-h Urinary Protein Excretion {#sec3-8}

The classic presentation of IgAN is episodic macroscopic hematuria and (or) persistent microscopic hematuria. Compared with the control group, the volume of urinary red blood cells and 24 h-urinary protein excretion increased in the IgAN group (*P* \< 0.01). Those in the rhein-prevented group and rhein-treated group decreased compared with the IgAN group, of which, the decrease in the rhein-prevented group was statistically significant (*P* \< 0.05) \[[Table 2](#T2){ref-type="table"}\].

###### 

The number of urinary red blood cells and the amount of 24-h urinary protein excretion

![](IJPharm-45-174-g004)

### Rhein Inhibited Fibronectin Expression in the Renal Glomeruli of IgA Nephropathy {#sec3-9}

Glomerulosclerosis is characterized by extracellular matrix accumulation and deposition. We selected FN as a representative of the extracellular matrix. Immunohistochemical staining was used to examine the effect of rhein on the FN expression in the renal glomeruli of IgAN. As demonstrated in [Figure 3](#F3){ref-type="fig"}, renal glomeruli of control group express trivial amount of FN. However, compared with the control group, the expression of FN in the renal glomeruli was significantly enhanced in the IgAN group (*P* \< 0.01), indicating extracellular matrix accumulation. Meanwhile, FN expression in glomeruli declined in the rhein-prevented group and rhein-treated group (*P* \< 0.01). FN expression in glomeruli decreased more significantly in the rhein-prevented group compared with the rhein-treated group (*P* \< 0.01). The ratio of the integrated optical density of FN in renal glomerulus and the glomerular area confirmed this result \[[Table 3](#T3){ref-type="table"}\]. This result indicated that rhein could inhibit FN expression in the renal glomeruli of IgAN, suppress accumulation of the extracellular matrix and prevent the development of glomerulosclerosis.

![Renal cortex by fibronectin immunohistochemical staining](IJPharm-45-174-g005){#F3}

###### 

Relative content of fibronectin in the renal glomeruli

![](IJPharm-45-174-g006)

### Rhein inhibited α-Smooth Muscle Actin Expression in the Renal Tubulointerstitial of IgA Nephropathy {#sec3-10}

The α-SMA-positive myofibroblasts are the effector cells that are primarily responsible for the overproduction of the extracellular matrix in pathogenic conditions and there is almost no myofibroblasts in the normal renal tissues. Thus, α-SMA was chosen as the marker of myofibroblasts activation. [Figure 4](#F4){ref-type="fig"} displays that α-SMA expressed in vascular smooth muscle cells only in the control group, and the renal glomerular, tubular or interstitial expression was not found. However, in the IgAN group, α-SMA expressed not only in vascular smooth muscle cells but also in tubular and interstitial areas, suggesting activation of the renal myofibroblasts. In the rhein-prevented group and rhein-treated group, α-SMA expression of renal tubules and interstitium significantly reduced compared with the IgAN group. The effect of rhein-prevented group was better. This result indicated that rhein could inhibit α-SMA expression in the renal tubulointerstitial of IgAN, suppress the activation of myofibroblasts and prevent the progression of tubulointerstitial fibrosis.

![Renal cortex by α-smooth muscle actin immunohistochemical staining](IJPharm-45-174-g007){#F4}

Discussion {#sec1-4}
==========

A kidney biopsy is necessary to confirm the diagnosis of IgAN. Histologically, IgAN may show widened mesangium, and diffuse mesangial proliferation or crescentic glomerulonephritis may also occur. The mesangium by light microscopy may be hypercellular and show increased deposition of extracellular matrix.\[[@ref11]\] End-stage will progress to renal fibrosis, and even nephrosclerosis. Immunoflourescence shows mesangial deposition of IgA often associated with C3 and smaller amounts of other immunoglobulins (IgG or IgM). Hence, it is an effective therapy for IgAN to develop a strategy that blocks the fibrogenic process and reduces the IgA deposition in the glomeruli. The purpose of this study was to determine whether rhein, which has been shown to be preventive in retarding the onset of renal fibrosis in db/db mice with diabetic nephropathy,\[[@ref12]\] has therapeutic effects to ameliorate renal fibrosis of IgAN.

Although the pathological mechanism of IgAN is not completely elucidated, the progression of renal fibrosis plays a critical role in permanent loss of the normal structural and functional integrity of the kidney.\[[@ref13]\] Our results demonstrate that rhein markedly ameliorates glomerular hypertrophy, mesangial expansion, extracellular matrix accumulation and renal capsule dilation in IgAN rats.

Renal fibrosis is characterized by destruction of normal tissue and excess production and deposition of extracellular matrix. FN is a protein with strong adhesion activity and is the main component of the extracellular matrix. As an adhesion molecule of matrix, it appears,firstly, in the extracellular matrix of the damaged tissue and constitutes the reticular stent for the deposition of the collagen, playing an important role in the process of fibrosis.\[[@ref14]\] Moreover, the accumulation and strong chemotaxis of FN and collagen are crucial foundations to cause fibroblasts, mesangial and endothelial cell proliferation.\[[@ref15]\] FN controls the cell proliferation, differentiation and apoptosis signal by the cell surface receptor-integrin. Therefore, the deposition of FN in the glomeruli may suggest the activity of glomerular cell proliferation and lesion progress. Our results showed that a small amount of FN expression in the glomeruli of the control group has been observed. The FN expression in the IgAN group was significantly higher than in the control group. Compared with the IgAN group, rhein markedly reduced the expression of FN in the glomeruli of the rhein-prevented group and rhein-treated group. The effect of some plants against renal dysfunction was reported recently,\[[@ref16]\] rhein also has immunosuppressive properties. Thus, we speculated that rhein might reduce the FN expression by inhibiting the inflammatory cells to secrete interleukin-6, tumor necrosis factor-α, transforming growth factor-β (TGF-β) and other cytokines to suppress the production of FN by the mesangial cells and fibroblasts.\[[@ref17]\]

The α-SMA is an actin found in the cytoplasm of vascular smooth muscle cells, which exists only in the cells derived from smooth muscle. Myofibroblasts are a unique group of smooth-muscle-like fibroblasts that express α-SMA and secrete extracellular matrix. They are responsible for production and deposition of extracellular matrix in diseased kidneys.\[[@ref18]\] Suppressing renal myofibroblasts activation can attenuate renal extracellular matrix deposition in kidneys. Myofibroblasts are α-SMA-positive and will not present in normal kidneys. The high expression of α-SMA indicates altered phenotype of renal inherent cells, the expression of α-SMA in the kidney can indirectly reflect the number of the myofibroblasts and the degree of fibrosis.\[[@ref19]\] Thus, we can evaluate the activation degree of myofibroblasts by observing the α-SMA expression in the kidney. As seen in [Fig 4](#F4){ref-type="fig"}, no expression of α-SMA has been found in renal tissues except for the vascular smooth muscle cells in the control group. The α-SMA expression in the IgAN group was significantly higher than in the control group, mainly in the tubular and interstitial areas. Rhein observably reduced the expression of α-SMA in the kidneys of the rhein-prevented group and rhein-treated group. That demonstrates rhein can inhibit myofibroblasts activation in the kidneys with IgAN.

The origin of myofibroblasts under pathological conditions is unclear. They are often presumed to be derived from local resident interstitial fibroblasts. Recently, several lines of evidence suggests that these cells may also come from tubular epithelial cells via a process known as epithelial-to-mesenchymal transition.\[[@ref20][@ref21]\] In response to tissue injury, renal interstitial fibroblasts and tubular epithelial cells undergo an activation process to become α-SMA-positive myofibroblast and produce abundant extracellular matrix.\[[@ref22]\] A variety of cytokines involve in this phenotypic activation, in which TGF-β is the prime stimulator, as shown in previous studies.\[[@ref23]\] The influence of other cytokines depends on regulating the generation of TGF-β. So rhein may reduce the extent of renal fibrosis of rats with IgAN, at least in part, by decreasing the TGF-β secreted by inflammatory cells to inhibit activation of renal interstitial fibroblasts and tubular epithelial cells.

Proteinuria caused multiple injury on renal tubular and interstitial, an important factor leading to IgAN deterioration.\[[@ref24]\] The filtration and reabsorption imbalances result from the formation of hematuria and proteinuria, the increase of glomerular mesangial cells and mesangial matrix, the hoist of glomerular capillary pressure, the increased permeability of the filtration membrane, the damage of renal tubular epithelial cells and the phenotypic change of renal interstitial fibroblasts.\[[@ref25]\] In this study, we found that urinary red blood cell count and 24 h-urinary protein were increased in the IgAN group compared with the control group. The number of urinary red blood cells and the volume of 24 h-urinary protein in the rhein-prevented group and rhein-treated group were lower than the IgAN group, suggesting that rhein can effectively reduce hematuria and proteinuria. The mechanism may be related to the inhibition of renal fibrosis and cell phenotypic change.

The pathogenesis of IgAN is not completely clarified, but the production and deposition of IgA play a critical role in the onset. Our observations indicate that rhein evidently reduce the deposition of IgA in the glomeruli of rhein-prevented group and rhein-treated group, suggesting that rhein may be alleviate the renal lesions by inhibiting the production and deposition of IgA. The process involves many other factors and further research is needed.

In summary, this study highlights that rhein acts as an effective negative regulator of renal fibrosis and halts the progression of IgAN in rats. Its therapeutic mechanism is, at least in part, to inhibit the phenotypic transformation of interstitial fibroblasts and tubular epithelial cells to reduce the deposition of the extracellular matrix. In this regard, rhein may be a potential therapeutic agent for inhibiting renal fibrogenesis in IgAN.
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